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Abstract
Presented in this paper is an overview of environmental impacts in 31 typical Chinese cities in view of spatial variations based on 
emergy analysis. Moreover, the economic and ecological loss varies significantly across cities both in total sum due to diversities 
of geographic features, economic development levels and local energy use availability. A relative ranking of ESI variance ratio 
from the worst to best off showed the distribution of China's urban ecosystem metabolic levels. The results offer not only a
classification of urban emissions’ impacts during the investigation period, but also the spatial hierarchy which may explain the 
spatial pattern of the landscape. This paper provides a reference towards how the urban environmental impacts drive economic 
policy and sustainability.
© 2011 Published by Elsevier Ltd.
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The economy of Chinese cities has undergone an incredible high-speed development since 1978, accompanied by 
a substantial and profound change of development pattern at the cost of serious environmental degradation and huge 
eco-environmental pressure. Consequently, there is a need to modify existing processes and develop new 
technologies that can minimize environmental impact while they can still provide stimulating economic value to 
urban system. Current urban metabolic methods have broader views and focus more on ecological aspects ̣ impact 
of emissions and resource consumption ̣ but they lack a rigorous thermodynamic framework. In addition, like 
traditional accounting methods, they ignore the crucial role that ecosystems play in sustaining all urban metabolic 
process. Urban metabolic system is increasingly recognizing the need to shift to more environmentally conscious 
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activities. Consequently, there is a need for modifying existing processes and developing new technologies that 
minimize environmental impact while providing stimulating ecological flow.
It is recognized that some emergy-based models have been developed for the quantification of socio-economical 
metabolism system as a biological system based on the analysis of resource inputs and waste discharge. Emergy 
analysis is a method of environmental accounting derived from energy system theory that uses the energy (in units 
of the same kind) required to produce a good or service as a nonmonetary measure of the value or worth of 
components or processes within ecosystems and the economy [1]. Emergy analysis accompanied by other methods 
have been introduced to describe a system and to evaluate the sustainability of a process. Till now, various systems 
have been evaluated by emergy analysis on regional and national scales [2-9]. But most of these researches did not 
consider emissions’ impacts on human health and environment. As city is known as a gathering-place for people,the 
concern of human health should be raised. Although there is consensus on the degree of some emissions’ harm (e.g. 
sulfur dioxide) to ecosystems in the place between city and sparsely populated area,  the harm to human is 
significantly different. It is recognized that emergy analysis has latent limitations in the analysis of wastes’ impacts 
which are only considered as the quantities of by-products in the form of materials released into the environment in 
the previous literatures [10]. In seeking an effective model in the analysis of emissions, the hybrid methodologies 
can be classified into mid-point and end-point. Without referring to the ambient concentration of an emission in the 
environment, end-point refers to the actual impact of an environmental mechanism that is in itself of value to society 
[11]. Emissions can be represented based on pathological and statistical data and description of physical flows in 
terms of human casualties or disabilities and loss of flora and fauna in end-point approach. As a multi-industry 
integrated system, city should consider emissions’ comprehensive impacts and integrate them into those existing 
emergy indicators for the ecologically-conscious decision-making.
In this context, we intend to incorporate the emergy synthesis to analyze the urban environmental impact in view 
of the overall process of socioeconomic metabolism. Another aim of this paper is to statistically analyze the trends 
and clustering with 31 capital cities in China and to investigate how these conditions are related to urban ecosystem. 
Discussion section allows a correlative analysis among economic growth, environmental performance and health 
status in the contemporary cities of China. Finally, some suggestions are offered in the conclusions section.
2. Method
2.1. Emergy-based environmental impact assessment model
Figure 1 shows two patterns for release of emissions: (a) without and (b) with waste treatment systems. Air and 
water emissions and solid waste are controlled based on additional input of fuels, goods and labor force. Without 
treatment, the emergy loss associated to damaged human capital is indicated as Lw,1, which means that some 
emissions cause pathological impacts on human beings which in turn require additional investment for replacement 
or fixing; meanwhile other kinds of emissions, such as acid rain and lake eutrophication, may lead to loss of flora 
and fauna. The emergy loss associated to the degradation of natural capital is indicated as Lw,2. Untreated emissions 
need ecological services to render them harmless, such as dilution and abatement, and these emergies are indicated 
as Rw. In order to prevent or minimize further pollution damage, a waste treatment system is designed in Figure 1 (b). 
The waste treatment system could effectively reduce waste (not to zero) through additional resources input. The new 
(lower) human and natural capital emergy losses are denoted as Lw,1* and Lw,2* (being respectively Lw,1*< Lw,1,
Lw,2*< Lw,2). Furthermore, the damage associated with solid waste disposal can be measured by land occupation and 
degradation, the emergy of which (i.e. the emergy value of land, irreversibly degraded) is denoted as Lw,3 [12]. The 
additional emergy investment for treatment is denoted as Ew, and should be in principle lower than the damage-
related losses Lw,n, in order to be feasible and rewarding. The waste treatment system is designed to recycle and 
reuse part of the emissions (flow Fb) through the use of eco-technologies. 
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Fig.1 Direct and indirect emergy inflows from environment and economic system (a) without and (b) with waste treatment system
Rw: emergy of ecological services needed to dissipate the emissions; Rw*: emergy of ecological services needed to dissipate the emissions after 
treatment; Lw,1: emergy of the human health losses caused by the emissions; Lw,1*: emergy of the human capital losses caused by the emissions 
after treatment; Lw,2: emergy of the natural capital losses due to the emissions; Lw,2*: emergy of the natural capital losses due to the emissions after 
treatment; Lw,3: emergy of the human capital losses caused by land occupation; Ew: emergy of waste treatment input; Fb: emergy of feedback of 
useful products to the upstream process.
2.2. Integration into emergy-based sustainability analysis methods
To incorporate the above methodology into the existing EI99 method, default normalization and weighting 
factors were used to calculate single ACS scores, denoted hereafter as EI99HA. A similar integration with other 
damage-oriented LCA methodologies is possible.
The emergy-based sustainability indices (ESI) are used to assess the sustainable development status of ecosystem 
combining both social-economic yield and environmental impact as below [13]:
ELRNEYRESI / ,                                                                       (1)
where NEYR is net emergy yield ratio and ELR is environmental loading ratio. This index measures the total 
intensity of the natural resource consumption and environmental impact per unit of economic investment. The 
higher the ratio, the greater the stress on the local environmental resource.
These performance metrics are easy to calculate and provide a useful insight into the environmental implications 
of urban metabolic processes.
2.3. Case study 
In China, there are three levels of cities, namely municipalities, prefecture-level and county-level cities [14]. In 
this study, 31 capital cities are all above the county level. These cities, some of which were selected as the center of 
economy and politics of the corresponding province in China, administrate a large area, comprising city proper, 
extensive exurban districts and rural counties. All of them have experienced the high rate of economic development 
in China since 1978, but most of them are confronted with serious environmental problems. 
The data for this study were collected from the publications of the government, such as the Urban Statistical 
Yearbook of China and the Environmental Statistical Yearbook. With reference to the system diagram, the fluxes of
environmental protection, industry, agriculture, import and export are classified and listed in the emergy flow table 
of the urban ecosystem. Our study will deal with the harmful emissions for the human health and ecosystem listed in 
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Table 1. Air emissions discharge from both urban production and use include SO2, dust, NOx and CH4 (respiratory 
disorders), CO2, N2O and CH4 (climate change).
Table 1 Lists several air pollutants 
Damage category
human health
DALY/kg
of emission
Damage category
ecosystem quality
PDF×m2×yr
Air
pollution
SO2 Respiratory Disorders 5.46E-05 Acidification 1.04E+03
Dust Respiratory Disorders 3.75E-04
NO2 Respiratory Disorders 8.87E-05 Acidification 5.71E+03
CO2 Climate Change 2.10E-07
CH4 Climate Change 4.40E-06
Water
pollution
Hexavalent
Chromium
Carcinogenic effects 3.43E-01 Ecotoxic emissions 6.87E+01
Lead Carcinogenic effects - Ecotoxic emissions 7.39E+02
Volatile phenol Carcinogenic effects 1.05E-05 Ecotoxic emissions 1.14E+01
Cyanide Carcinogenic effects 4.16E-05 Ecotoxic emissions 1.56E-01
Oil Carcinogenic effects 2.29E-02 Ecotoxic emissions 2.51E-01
COD Eutrophicationb -
NH4-H Eutrophicationb -
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3. Results
                                                          (a)                                                                                                               (b)
                                                           (c)                                                                                                                (d)
Fig.2. The human capital and natural capital losses in urban metabolic system caused by airborne and waterborne pollutants in 31 typical Chinese 
cities: (a) ecological services needed to dilute some air and water pollutants; (b) investment for emission control; (3) the emergy losses in 
economic system caused by the emissions; (4) the emergy losses in ecological system caused by the emissions.
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The quanta of regional human capital and natural capital losses, which are caused by airborne and waterborne 
pollutants, are mostly determined by the disparities of population and administrative areas. Per capita energy 
consumption of all regions except Tibet exhibits the overall increasing trend of the human capital and natural capital 
losses (Fig. 2). According to the local official reports, it was believed that industrial structure adjustment and energy 
saving from the associated pottery and porcelain industry contributed to this decline.
Fig. 3 ESI variance ratio of the typical cities in China
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A relative ranking of ESI variance ratio from the worst to best off showed the distribution of China’s urban 
ecosystem metabolic levels. The results revealed the metropolises (including Beijing, Shanghai, Guangzhou, etc) 
and cities along the Yangzi river (e.g., Changsha) have significant ESI variance ratios, thus suggesting that 
emissions greatly reduced the sustainability of the urban metabolic system by pulling resources for damage repair 
and for replacement of lost natural and human-made capital (Figure 3). The values in the inland cities (such as 
Yinchuan and Lanzhou) are small due to the vast hinterland which offers a lower ELR and higher ESI. Over-
development and over-concentration of urban areas result in various environmental problems, such as air and water 
pollution, and water shortage, which have become the bottleneck that restraints the urban ecosystem development.
Odum et al. (1995) suggested that the energy hierarchy may explain the spatial pattern of the landscape and 
summarized the hierarchical distribution of human settlements and the economy on the landscape as wilderness, 
agriculture, housing, industry, and the center of information and finance with increasing concentrations of emergy 
use. In this sense, we assert that this kind of ‘spatial hierarchy’ is compatible and consistent with the hierarchical 
theory of emergy synthesis, which can be regarded as an extension of spatial hierarchy, which has been derived from 
the pattern of one city and can be generalized to a group of cities in view of the urban metabolic system.
4. Conclusion
With a unified ecological economic measure of emergy, this paper proposed an urban emergy loss evaluation 
framework including human-made and natural capital loss. This approach provided important insights into 
understanding the relationship between emission environment impact and urban metabolism. The results of this
study may provide not only the classification of urban emissions’ impacts during the study period, but also the 
spatial hierarchy. Wise environmental policy making should fully understand and quantify the real cost of a 
sustainable production and consumption strategy based on comprehensive account of both source and sink sides of 
economic growth.
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